Thunderstorms emit terrestrial gamma-ray flashes with photon energies of up to tens of MeV and electron-positron beams that are created by photons with energies above 1.022 MeV. These photons are produced through the bremsstrahlung process when energetic electrons collide with air molecules. However, presently used cross sections for bremsstrahlung treat only the interaction of the electrons with the nuclei of molecules while we here include their interaction with shell electrons. We simulate the production of energetic photons by a negative stepped lightning leader, and we find that electron-electron bremsstrahlung contributes significantly, although the direct photon emission is less than from electron-nucleus bremsstrahlung. However, electron-electron bremsstrahlung also ejects shell electrons and therefore feeds the electron population above 1 MeV significantly. We find that it hence dominates the photon spectrum of the stepped lightning leader at 10 MeV.
Introduction

Energetic radiation from thunderstorms and laboratory discharges
Terrestrial gamma-ray flashes during thunderstorms were first observed by Fishman et al [1] . Meanwhile TGFs were also measured by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) [2] [3] [4] , by the Fermi Gammaray Space Telescope [5] and by the Gamma-Ray Observation of Winter Thunderclouds (GROWTH) [6] . The Astrorivelatore Gamma a Immagini Leggero (AGILE) has measured quantum energies of up to 100 MeV [7, 8] . Hard radiation was also observed from lightning leaders approaching the ground [9, 10] and in many discharge experiments performed in the laboratory under controlled conditions [11] [12] [13] [14] [15] [16] where highenergy photons were created in the streamer-leader stage. It was soon understood that these flashes of energetic photons are bremsstrahlung, i.e. photons emitted when fast electrons are scattered at air molecules [1, 17] .
Next to gamma-rays, also flashes of electrons were found to be emitted by a thunderstorm [11] ; they are distinguished from photons by their dispersion relation, i.e. how they move in given media, and by their location since electrons as charged particles follow the geomagnetic field lines sufficiently far outside the atmosphere.
Briggs et al detected beams of positrons and electrons with the FERMI satellite over Egypt during a thunderstorm over Zambia [18] . Photons with an energy above 1 MeV can produce pairs of electrons and positrons when scattering on the air molecules. Since positrons are charged, they will follow the geomagnetic field lines in the same manner as electrons and were thus guided from Zambia to the satellite over Egypt.
Energetic electrons from discharges and the previously used bremsstrahlung cross sections
The energetic photons are created through the bremsstrahlung process of energetic electrons. For the generation of energetic electrons, there are two mechanisms under debate: the older model of relativistic run-away electron avalanche in a rather homogeneous electric field inside the cloud [19] [20] [21] [22] [23] , and the acceleration of electrons in the highly enhanced field at the tip of a streamer or leader [24] [25] [26] [27] .
For both types of models, appropriate bremsstrahlung cross sections are required to derive the photon spectrum from the electron energies. So far, geophysical researchers have used cross sections for the scattering of electrons at the nuclei of molecules. It is known [28] that the Bethe-Heitler theory for bremsstrahlung [29, 30] covers the energy range between 1 keV and 1 GeV for the small atomic numbers of air and [31] that for Z < 29 the Bethe-Heitler theory agrees well with experimental data for the relevant energies for air molecules (Z = 7 for nitrogen and Z = 8 for oxygen). Koch and Motz [32] as well as Seltzer and Berger [33] give very detailed overviews over different cross sections. They confirm that the Bethe Heitler cross section is valid for the electron scattering at light nuclei and energies between 1 keV and 1 GeV. The tabulations by Seltzer and Berger [33, 34] are considered a standard reference in the field, they cover electron energies from 1 keV to 10 GeV and they include both electron-nucleus and electron-electron bremsstrahlung, however only the cross section singly differential in the photon energy is reported. In turn, the tabulations by Seltzer and Berger are based, for energies below or equal to 2 MeV and for the electronnucleus bremsstrahlung, on fully numerical calculations by Pratt et al [35, 36] . The latter are commonly considered the best available theoretical values because they employ a partial wave expansion with a self consistent procedure to describe the wavefunctions of the atomic electrons [37] . The number of partial waves necessary to accurately determine the cross section increases with energy and for this reason their tabulations stop at 2 MeV, moreover they cover only the cross section singly differential in photon energy. A detailed overview over the history of bremsstrahlung cross sections is given in [28] . We conclude that for the parameter range considered here, Bethe-Heitler is the most accurate theory available.
Up to now researchers have been using different sets of cross sections for the production of TGFs by electron-nucleus bremsstrahlung. Carlson et al [26] used the Geant 4 package with intrinsic cross sections for high atomic numbers like Z = 82 (lead) [38] ; however, we have shown in a previous paper [28] that the cross sections in Geant 4 are not appropriate for energies below 1 MeV and for the small atomic numbers of air molecules. Xu et al [39] used a doubly differential cross section resolving the photon energy and the scattering angle of the emitted photon. They use the product ansatz introduced by Lehtinen [40] where the photon energy part is based on the Bethe-Heitler theory and the angular part is a non-quantummechanical relativistic expression by Jackson [41] . However, this ansatz is only valid for small ratios between the energy of the emitted photon and the incident electron [28] . Dwyer [22] uses the triply differential cross section by Bethe and Heitler which resolves the full geometry of the bremsstrahlung process together with the dependence on the photon energy, including an atomic form factor. In a previous paper [28] , we derived a doubly differential cross section based on the Bethe-Heitler theory which relates the angle between the incident electron and emitted photon to the energy of the photon.
Electron-nucleus versus electron-electron bremsstrahlung
Overview of mechanisms
All the cross sections discussed above are for electron-nucleus bremsstrahlung, i.e., they parameterize the emission of photons when electrons scatter on the nuclei of atoms or molecules. However, electrons can also scatter on the shell electrons of an atom or molecule. Since electron-nucleus bremsstrahlung is proportional to Z 2 where Z is the atomic number, and electronelectron bremsstrahlung is proportional to the number of shell electrons and hence to Z, electron-nucleus bremsstrahlung is more dominant for heavy elements than for light elements.
Electron-electron bremsstrahlung was first investigated thoroughly by Haug [42] and has been reviewed by Haug and Nakel [43] .
These works treat electronelectron bremsstrahlung only between free electrons. For bremsstrahlung from shell electrons, the electron binding to the nucleus has to be included. Seltzer and Berger [33] and the ICRU [44] developed approximate expressions for bremsstrahlung from bound electrons: the ICRU [44] only for incident electrons with kinetic energy larger than 50 MeV, Seltzer and Berger [33] for energies between 1 keV and 10 GeV and Z = 1 to 100. Tessier and Kawrakow [45] extending the work by Haug and Nakel [43] calculated electron-electron bremsstrahlung cross sections for elements with Z = 1 to 100 for incident electron energies between 1 keV and 1 GeV, taking into account that the shell electron is initially bound and ejected during the scattering process. Thus the electronelectron bremsstrahlung process is a source of photons as well as of free electrons.
Comparison of processes
In this paper we use the cross sections by Bethe and Heitler [29] , the electron-nucleus bremsstrahlung and the cross sections by Haug and Nakel [43] and Tessier and Kawrakow [45] , which are based on previous work by Haug, [33, 34] and green [45] line show cross sections for electron-electron bremsstrahlung. The red [29] and blue [33, 34] line show cross sections for electron-nucleus bremsstrahlung. SB denotes values by Seltzer and Berger [33, 34] for electron-nucleus (en) and electron-electron (ee) bremsstrahlung; BH denotes results by Bethe and Heitler [29, 30] and T by Tessier and Kawrakow [45] . (c) The total electron-electron bremsstrahlung cross section σ per electron as a function of the energy E kin,i of the incident electron for the cutoffs of the photon energy at = 1 eV and = 10 eV.
for electron-electron bremsstrahlung to investigate their role in the production of terrestrial gamma-ray flashes in air.
In figure 1 , we compare these two processes in terms of the differential cross section dσ (E kin,i , E γ )/dE γ which is proportional to the probability that an electron with energy E kin,i produces a photon with an energy in the interval [E γ , E γ + dE γ ] when colliding with a nitrogen nucleus or its seven electrons. Panel (a) shows the cross sections for an incident electron energy of 100 keV, panel (b) for 10 MeV. For electron-nucleus bremsstrahlung we plot the results by Bethe and Heitler (BH) [29] and Seltzer and Berger (SB,en) [33, 34] . They agree well. For electron-electron bremsstrahlung we plot calculations by Seltzer and Berger (SB,ee) [33, 34] and Tessier and Kawrakow (T) [45] . Note that the differential cross section for both types of bremsstrahlung decrease rapidly as a function of the photon energy. The figures show that the cross sections for electron-electron bremsstrahlung are much smaller than for electron-nucleus bremsstrahlung for photon energies above 200 eV. For electron-nucleus bremsstrahlung, both models have the same order of magnitude. Moreover the calculations by Tessier and Kawrakow [45] show a different behaviour for small photon energies. Especially for E kin,i = 10 MeV the differential cross section for electron-electron bremsstrahlung according to Tessier and Kawrakow [45] becomes more important than the one for electron-nucleus bremsstrahlung for 0 E γ 200 eV; this is the energy region where the differential cross section contributes most to the total cross section.
The total cross section σ given by the integral of the differential cross section dσ/dE γ over the photon energy E γ depends on the lower limit, the cutoff . In quantum electrodynamics there is an infra-red divergence in the cross section of a certain process radiating a photon whenever the same final state without that photon can be produced by another process. In the case of electron-nucleus and electron-electron bremsstrahlung, the same final state without the generation of the photon is the result of elastic electron-nucleus or elastic electron-electron (Møller) scattering, respectively. The bremsstrahlung cross section will diverge if the lowest allowed energy of the emitted photon goes to zero; therefore the cross sections are not valid for very small . In our simulations we have chosen = 1 eV. Figure 1(c) shows the total cross section for cutoffs = 1 eV and = 10 eV for electron-electron bremsstrahlung. It demonstrates that the total cross section does not change significantly if a higher cutoff is chosen; thus our results do not depend on the choice of severely.
An important fact is that the electron-electron Bremsstrahlung process does not only emit bremsstrahlung photons, but also ejects shell electrons.
The electron-electron bremsstrahlung cross sections by Tessier and Kawrakow [45] and subsequently by Haug [46] show that during the emission of low-energy photons the residual energy is distributed more evenly between scattered and ejected electron than for the electron impact ionization cross sections by Kim et al [47] commonly used in discharge physics [48] .
Electron and photon spectra for a stepped lightning leader
Set-up of model and its validation
To test the influence of electron-electron bremsstrahlung we simulate the acceleration of electrons in air consisting of 78.12% N 2 , 20.95% O 2 and 0.93% Ar. We use the Monte Carlo code in three spatial dimensions that was originally designed and thoroughly tested for streamer modeling [49] and extend it to energies above 1 keV, also tracing photons, as described in [50] . Between two collisions we calculate the new position and velocity of an electron or photon using three dimensional relativistic equations of motion. For electrons, we include bremsstrahlung, elastic scattering [51] [52] [53] , excitations [54] , ionization [47] and attachment [54, 55] as used by [25, 27, 48] . For electron-nucleus bremsstrahlung the energy of the emitted photon is related to its scattering angle i by the doubly differential cross section calculated from the Bethe-Heitler theory [28, 29] . For electron-electron bremsstrahlung the energy of the emitted photon is given by the spectrum as calculated by Tessier and Kawrakow [45] . The geometry of the scattered electron, the ejected electron and the emitted photon is determined by the triply differential cross section by Haug and Nakel [43] . For photons, we include Compton scattering [56] , pair production [28] , Rayleigh scattering [57] and photoionization [58] where a bremsstrahlung photon ionizes a background molecule and emits an electron. Because the equations describing the cross sections for all these processes are sometimes rather involved, extensive checks have been performed to ensure that all the interactions really occur with the appropriate probabilities. We have also checked that the final state, possibly involving the emission of another species, is correctly generated both in terms of kinematics and of probability distributions. We investigate the production of photons in the field of a stepped lightning leader. We start with 50 electrons with an initial energy of 0.1 eV and perform two simulations with electron-nucleus bremsstrahlung only, and one including electron-electron bremsstrahlung. Hence we are able to compare the significance of both types of bremsstrahlung.
We adopt the model by Xu et al [39] of a stepped lightning leader. We approximate the leader as a stationary ideally conducting ellipsoid with a length of 4 km and a curvature radius at the tip of 1 cm in an ambient field of 0.5 kV cm −1 ; its upper tip is at 16 km altitude in the terrestrial atmosphere, and the electrons are inserted at 30 cm ahead of the tip. The long half axis is orientated along the z axis and the leader tip at (0, 0, 0) of our computational domain; thus the enhancement of the electric field is highest on this axis and the motion of electrons is symmetric in x and y. Like Xu et al, we neglect the electric field due to space charge effects between electrons and ions for simplicity. Therefore the low-energy spectrum is not quite physical and we only plot photon energies above 1 keV. Figure 2 shows the electron distributions in space without (panel (a) and (b)) and with (panel (c)) electron-electron bremsstrahlung. The corresponding distributions in energy space after 24 ns are also displayed (panel (d)). Panel (a)) and (b)) are derived with different realisations of the random numbers in the Monte Carlo process while their distribution is the same. In the plots we distinguish the electrons with energies above or below 1 MeV. The fewer high-energy electrons are far ahead of the large number of low-energy electrons that would screen the electric field if space charge effects were included. But due to the spatial seperation, the highenergy electrons would hardly be affected, thus justifying our approximation. Figure 2(d) shows the electron number as a function of energy above 1 keV from panels (a), (b) and (c): the distributions look similar for the two cases without electronelectron bremsstrahlung, even though the spatial plots are quite different, and the electron numbers are almost the same for energies below 100 keV in all three cases. However, there are substantially more electrons with energies above 100 keV when electron-electron bremsstrahlung is included, as this process contributes not only to the emission of photons but also to the ejection of shell electrons. Figures 1, 2 , 5 and 6 in [46] demonstrate that the residual energy E kin,i − E γ is shared more evenly between scattered and ejected electron than for impact ionization. Since the electron-electron bremsstrahlung process produces mostly low-energy photons, we get an enrichment of high-energy electrons which contribute to the production of high-energy bremsstrahlung photons. Figure 3 shows the time evolution of the photon energy spectrum between 1 keV and 10 MeV without (panel (a)) and with (panel (b)) electron-electron bremsstrahlung. Figure 3(c) compares the photon spectra after 24 ns. Including electronelectron bremsstrahlung, the number of photons with energies above 1 MeV is a factor 4 higher than without this process. For photons with energies above 10 MeV this factor is 25. The comparison also shows that the spectrum with electronelectron bremsstrahlung is slightly flatter and decreases more slowly.
Results and discussion
Conclusion
While the past theory of terrestrial gamma-ray flashes only used the electron-nucleus bremsstrahlung process to calculate the photon spectrum, we here show that electron-electron bremsstrahlung should be included. This might be surprising at first sight since electron-electron bremsstrahlung generates less photons in the MeV range than the electron-nucleus process. But electron-electron bremsstrahlung contributes to the enrichment of electrons in the high-energy regime through the ejection of shell electrons. Thus there are more high-energy electrons which can produce high-energy bremsstrahlung (c) (b) (a) Figure 3 . The time evolution of the energy resolved photon numbers produced in the field of a negative stepped leader (a) without and (b) with electron-electron bremsstrahlung. Every line belongs to a different time: time progresses from 1.5 ns for the lowest line to 24 ns for the highest line, in time steps of 1.5 ns. Panel (c) compares the energy dependent photon numbers with (circles) or without (crosses, boxes) electron-electron bremsstrahlung for the cases shown in figure 2 . There is a substantial contribution from electron-electron bremsstrahlung at 10 MeV, with photon numbers 25 times higher than without.
photons. We have studied the electron acceleration in the field of a stepped lightning leader. In this case there are 4 times as many photons with energies above 1 MeV. There are even 25 times as many photons in the energy range between 4.8 MeV and 10 MeV.
We conclude that electron-electron bremsstrahlung dominates the high energy spectrum of TGFs through electron ejection and hence must not be neglected. Photons with energies above 1.022 MeV also create electron-positron pairs, therefore electron-electron bremsstrahlung is also vital for the explanation of electron-positron beams.
Since electron-electron bremsstrahlung is a source of high-energy electrons, this mechanism is also important for high-energy electron beams ejected from thunderstorms. 
